Abstract -Spinel-Li 4 Ti 5 O 12 was successfully synthesized by a solid-phase method at 800, 850, and 900℃ according to the Li 4 Ti 5 O 12 cubic spinel phase structure. To achieve higher EDLC energy density with the Li 4 Ti 5 O 12 , the negative electrode of the hybrid supercapacitor was studied in this work. The electrochemical performances of the hybrid supercapacitor and EDLC were characterized by constant current discharge curves, c-rate, and cycle performance testing. The capacitance (1st cycle) of the hybrid supercapacitor and EDLC was 209 and 109 F, respectively, which is higher than EDLC. The capacitance of the hybrid supercapacitor decreases from 209 F to 101 F after 20 cycles when discharged at several specific current densities ranging from 1 to 10 A. In contrast, capacitance of the EDLC hardly decreases after 20 cycles. Results show that hybrid supercapacitor benefits from the high rate capability of supercapacitor and high capacity of the battery. Findings also prove that the hybrid supercapacitor is an energy storage device where the supercapacitor and the Li ion secondary battery coexist in one cell system.
Introduction
Spinel-Li 4 Ti 5 O 12 has attracted attention as a promising anode material because of the near-zero change in the unit cell volume during charge and discharge. Spinel-Li 4 Ti 5 O 12 can accommodate lithium ions during discharge, resulting in a structural transition from spinel-Li 4 These characteristics ensure long life cycle and excellent cycle performance. The Li 4 Ti 5 O 12 inserts three lithium ions per formula unit, with a theoretical capacity of 175 mAhg-1, showing a voltage flat at 1.55 V versus a lithium electrode [1] . However, these are the characteristics of insulating materials. The low conductivity of Li 4 Ti 5 O 12 leads to initial capacity loss and poor rate capability. To improve the low conductivity, synthesizing the nanosized particles via various methods is proposed. Small-sized particle will obviously shorten the Li + diffusion path and broaden the electrode/electrolyte contact surface [2] . Various synthesis methods are available for the fabrication of Li 4 Ti 5 O 12 such as, solid-state reaction [3] [4] [5] , sol-gel [6] [7] [8] , hydrothermal [9] , spray pyrolysis [10] , molten salt [11] , and microwave irradiation [12] . Generally, spinel-Li 4 Ti 5 O 12 is synthesized by a conventional solid-state reaction using TiO 2 and Li 2 CO 3 (or LiOH) as starting materials at high temperatures [13] because solid-state reaction using Li and Ti source as raw materials is easy and economical.
Recently, Li 4 Ti 5 O 12 , which has higher energy density than EDLC, has been studied for its potential as an anode material in an asymmetric hybrid supercapacitor. An asymmetric hybrid supercapacitor uses different materials with different operating potentials as cathode and anode materials, which can increase the overall cell potential, thereby resulting in higher energy and power densities [14] . Spinel-Li 4 O 12 , the mixed precursors were heat-treated at 750, 800, 850, and 900℃ for 2 h under air atmosphere. The synthesized samples were characterized by X-ray diffraction (Riraku). XRD spectra were recorded with Cu Kα (λ = 1.5406 A°) radiation in the diffraction angle of 2θ from 10 to 80° at a scan rate of 5°min−1. BET surface area of Li 4 Ti 5 O 12 was determined by N 2 adsorption/desorption isotherms at 77 K (TriStar). The morphology and microstructure were observed using a scanning electron microscopy (Jeol).
Preparation of electrode films and electrochemical measurements
The electrodes of EDLC (negative and positive) and hybrid supercapacitor (positive electrode) were fabricated using activated carbon (BET: ~1700 m 2 /g, ash contents <400 ppm, average particle size 10 ㎛). The negative electrodes of the hybrid supercapacitor were prepared by mixing Li 4 Ti 5 O 12 powder synthesized at 800℃, conductive carbon black (Super P), and polyvinylidene fluoride (PVdF) as a binder with the weight ratios 80:10:10. NMethyl pyrrolidiznone (NMP) was used as a solvent. The slurry obtained from the mixture was coated by an aluminum current collector and dried at 150℃ to remove the NMP solvent. The electrode films of the EDLC were prepared by mixing activated carbon, conductive carbon black, and polytetrafluoroethylene (PTFE) as a binder in weight ratios 75:15:10. The electrode films were reserved in argon-filled dry box. The charge and discharge measurements were performed on a cylindrical cell (2245 size). The hybrid supercapacitor cell was assembled by using Li 4 Ti 5 O 12 as an anode and activated carbon (AC) as cathode. To compare the hybrid supercapacitor, EDLC cell was fabricated by using AC electrodes in the same way. The electrolyte was a 1 M solution of LiPF 6 in ethylene carbonate (EC)-dimethylcarbonate (DMC) 2:1 in v/v. Nonwoven fabric was used as the separator. The electrochemical performance was evaluated in the potential range of 2.0-3.0V at room temperature using a programmable multichannel battery tester (Arbin Instruments). The cyclic voltammograms of the EDLC and hybrid supercapacitor were characterized using a threeelectrode cell. Voltage range of CVs was 0-3V, whereas the scan rate was 50 mVs−1. Fig. 1 The process revealed that the particle size of sample calcined at 750℃ is smaller than other samples because perfect spinel crystal could not be formed. With increasing synthesis temperature, average particle diameter of the Li 4 Ti 5 O 12 was increased. The micrographs reveal that the morphology, surface area, and particle size were affected by synthesis temperature. The BET surface areas of the powders were measured to be 4.1 m 2 /g (750℃), 3.8 m 2 /g (800℃), 3.5 m 2 /g (850℃), and 3.1 m 2 /g (900℃), respectively. Grain growth occurs with the size increase of crystallites in materials at high temperature. Thus, the increase of synthesis temperature results in grain growth, as shown by Fig. 2 . Fig. 3 shows the discharge curves of the hybrid supercapacitor and EDLC (cut-off voltage 2.0V). Before charging, the cell potential was maintained at 0V for 5 min.
Results and discussion
At the beginning of the discharge cycling, a potential drop was observed. The discharge curves were nearly linear. Capacitances were calculated from each discharge curve. The capacitance of EDLC was recorded at 109 F, whereas the hybrid supercapacitor was 209 F. Results show that energy density of the hybrid supercapacitor is higher than EDLC, whereas its power density is worse. The differences of the specific capacity and discharge time between the hybrid supercapacitor and EDLC show that the hybrid supercapacitor system (AC/Li 4 The Li 4 Ti 5 O 12 electrode exhibits oxidation-reduction behavior. However, the activated carbon electrode exhibits a double-layer electric behavior attributed to the electrostatic adsorbing-desorbing process of PF 6 − on AC. Figs. 4a and 4b show the obvious different electrochemical behaviors of EDLC and hybrid supercapacitor. The asymmetric hybrid supercapacitor is presented where the cathode (AC) stores charge through a double layer of electric anions on the surface of an AC. Anode (Li 4 Ti 5 O 12 ) is a crystalline intercalation compound, which supports the fast reversible intercalation of lithium ions [17] . 5 shows cycle performances of the hybrid supercapacitor and EDLC. After 10,000 cycles, capacitance losses of the hybrid supercapacitor and EDLC are 22.1% and 11.4%, respectively. Results indicate that the cycle performance of hybrid supercapacitor is worse than that of EDLC when the same cathode is used in these cells. However, the capacitance of hybrid supercapacitor is 175 F at 1st cycle and 119 F at 10,000th cycle, which is higher than that of EDLC. This finding indicates that the energy storage performance of hybrid supercapacitor is better than that of EDLC. These facts illustrate that Li 4 Ti 5 O 12 as an anode enhances the capacity of the capacitor. 6 shows the discharge curves of the hybrid supercapacitor and EDLC at different discharge current rates for rate capability. The current charge and discharge rates are the same for each case. Fig. 6 also shows that the capacitances of all samples decrease with increasing current rate discharge because of polarization. The capacitance of the hybrid supercapacitor decreases from 209 to 101 F after 20 cycles when discharged at several specific current densities ranging from 1 to 10 A. The capacitance of the EDLC decreases only slightly after 20 cycles. These results demonstrate good EDLC performance of high charge-discharge rates in comparison with the hybrid supercapacitor because its power density is better than that of the hybrid supercapacitor. 
Conclusion
In this work, we synthesized Li 4 
